Ferrochelatase catalyzes the terminal step of the heme biosynthetic pathway by inserting ferrous iron into protoporphyrin IX. A conserved loop motif was shown to form part of the active site and contact the bound porphyrin by molecular dynamics calculations and structural analysis. We applied a random mutagenesis approach and steady-state kinetic analysis to assess the role of the loop motif in murine ferrochelatase function, particularly with respect to porphyrin interaction. Functional substitutions in the ten consecutive loop positions Q248-L257
INTRODUCTION
Ferrochelatase (E.C. 4 .99.1.1, protoheme ferrolyase), the terminal enzyme in the heme biosynthetic pathway, catalyzes the insertion of ferrous iron into protoporphyrin IX to form protoheme. Ferrochelatase has been identified in a large number of organisms (reviewed in (1) (2) (3) ). In eukaryotes, ferrochelatase is nuclear-encoded with an average of 400-500 amino acid residues and associated with the inner mitochondrial membrane. Prokaryotic ferrochelatases are smaller, and while most are associated with the plasma membrane, some are soluble (reviewed in (3) ). [2Fe-2S] clusters have been identified in animal ferrochelatases (4, 5) , in the yeast Schizosaccharomyces pombe (6) , and in the bacterial species Caulobacter crescentus and Mycobacterium tuberculosis (7) ; but their roles remain elusive. Genetic defects in mammalian ferrochelatase cause a metabolic disease, erythropoietic protoporphyria (8, 9) .
The X-ray crystal structures of ferrochelatases from Bacillus subtilis (10, 11) , human (12) , and yeast Sacchromyces cerevisiae (13) reveal that they share similar folding patterns and active site structures. While B. subtilus ferrochelatase is a monomer (10, 11) , human (12) and yeast (13) ferrochelatases are homodimers. In all cases, each monomeric unit consists of two domains, each of which is folded into a Rossmann-type fold with a four-stranded, parallel β-sheet flanked by α-helices on both sides (10) (11) (12) (13) . Molecular dynamics calculations of the B. subtilis ferrochelatase with bound nickel-protoporphyrin (NiPP) 1 (14) and the crystal structure of the 5 approximately 20%, this loop motif is conserved among all ferrochelatases (Fig.1 ).
The importance of the loop motif in porphyrin interaction was first observed in the molecular mechanics calculations of NiPP docking into the B. subtilis ferrochelatase active site (14) . In the crystal structures of human and B. subtilis ferrochelatases, the conserved loop residues appear to contact the pyrrole rings to stabilize porphyrin binding and orientation through ionic, aromatic stacking and/or steric interactions, and they may also play a role in restricting the size of the binding cleft (10) (11) (12) . Structural analysis of human ferrochelatase led to the proposal that the loop region is positioned in close proximity to the membrane-associating side of the enzyme, and the conserved hydrophobic residues defining the active site cavity may form a pathway to allow access for the porphyrin substrate and the release of heme (12) . Furthermore, the loop was implicated to act as a mobile element to allow conformational changes in the active site pocket in response to substrate binding (10) .
In order to examine the role of the conserved loop motif in ferrochelatase function, we used random mutagenesis and genetic complementation to identify functional substitutions and to evaluate the information content of each of the ten consecutive loop residues in murine ferrochelatase. We found that the ferrochelatase loop motif possesses a considerable degree of plasticity, tolerating multiple substitutions within the motif, albeit the overall spatial arrangement of the loop was maintained in functional variants. Kinetic characterization of selected, active variants further substantiated the importance of the loop in ferrochelatase function. 8 and EcoPol buffer (10 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 and 7.5 mM dithiothreitol). The extension reaction was carried out at 37 °C for 2 hr. The generated double-stranded mutagenic DNA was then amplified by the polymerase chain reaction (PCR) using two primers corresponding to the 5' termini of oligos 1 and 2. The two primers used were as follows: FC-66, 5'-ATG GAA AAG CTG GGT TAC CCC AA-3', which covers the first 23 nucleotides of the 5'
terminus of oligo 1 and FC-R67, 5'-AGC GTC ATC TGT CTG AGG-3', which corresponds to the 18 nucleotides of the 5' terminus of oligo 2. Protein purity was assessed by sodium dodecyl sulfate-polyacylamide gel electrophoresis (24) , and protein concentration was determined using the bicinchonic acid assay with bovine serum albumin as standard. UV-visible absorption spectra of purified ferrochelatase and variants were recorded using an UVPC-2100U dual-beam spectrophotometer (Shimadzu) equipped with a spectroscopy was performed by the Chemical Analysis Laboratory at the University of Georgia.
Steady-state kinetic analyses. Ferrochelatase activity was determined by monitoring the consumption of the protoporphyrin substrate using ferrous iron as the metal substrate in a continuous spectrofluorimetric assay conducted under strictly anaerobic conditions as previously described (25) . Typically, a mixture containing 100 mM Tris-acetate, pH 8.1, 0.5% (v/v) Tween-80, protoporphyrin IX was incubated with ferrochelatase for ~5 min at 30 °C, and the enzymatic reaction was initiated by ferrous ammonium citrate injection (25) . Activities are expressed as nmole protoporphyrin consumed per minute per mg of ferrochelatase. Steady-state kinetic parameters were determined from matrices of five protoporphyrin and five Fe 2+ concentrations.
The reported values and the standard deviations were obtained from the nonlinear least squares fit of the data to the Michaelis-Menten equation for bi-reactant systems using the software DataFit (Oakdale Engineering) (25) .
Liposome binding assay: ferrochelatase (or loop variant)-lipid interactions.
All of the functional variants in the library were purified using a TALON HT 96-well plate (BD Biosciences). The equilibration, wash and elution buffers were the same as for purification by Talon affinity column. Eluate from each well was concentrated and imidazole was removed by buffer exchange using Amicon Ultra-4 centrifugal filter unit (Millipore). Liposomes were formulated with a lipid composition similar to that found in the inner mitochondrial membranes of mouse liver cells (26) . Biotinylated liposomes were prepared following a standard procedure (27) . Each lipid was weighed and suspended in chloroform to make a 1mg/ml stock solution.
The stocks were mixed at ratios (w/w) of 1% biotin-DHPE, 35% phosphatidylcholine, 26.5% phosphatidylethanolamine, 18% cardiolipin, 5% phosphatidylinositol, 2.3% cholesterol, 2.8% diacylglycerol, 0.7% sphingomyelin, 0.5% phosphatidylserine, 0.5% lysophosphatidylcholine, 0.3% lysophosphatidylethanolamine, 2.2% palmitic acid, 1.2% stearic acid, 1.3% oleic acid, 1.8% linoleic acid and 0.9% arachidonic acid. The mixture was dried under N 2 , resuspended in 25 mM Tris, pH 7.6 and 150 mM NaCl (TBS) 1 , and sonicated to obtain a liposome solution at 100 µg/ml. Liposome size distribution was determined, at was used as an internal control; essentially G252D/V254I was included in every single blot to ensure that the ratio between the chemiluminescent signal intensity for the wild-type ferrochelatase and G252D/V254I remained constant from blot to blot.
RESULTS

Construction of the random sequence library and selection of active ferrochelatase variants
To assess the role of the conserved loop motif in ferrochelatase function, particularly with respect to interaction with the porphyrin substrate, random sequence mutagenesis was employed to analyze the information content of each loop residue. Random substitutions at the ten consecutive positions Q248-L257 in murine ferrochelatase were introduced by incorporating a mixture of all four nucleotides at each of the 30 bases. Using a mixture of 85% of the wild-type nucleotides and 15% of the other nucleotides at each position, the bias was set towards the wildtype sequence, thus increasing the probability of recovering active ferrochelatase variants.
Under these conditions, a full spectrum of permissible substitutions at each position was drawn.
Two major factors were critical in the construction of the random sequence library. First, a mock or inactive vector was constructed as the cloning vector of the random nucleotide sequences.
Since the mock vector could not express a functional ferrochelatase variant, the selection of active, random ferrochelatase variants was not affected by the background activity derived from the vector. Second, E. coli strain ∆vis was chosen as the host for the plasmid library containing the randomized loop sequences, because it allows positive genetic complementation for identification of the active variants. As E. coli ∆vis cells need hemin in the growth media for survival (17) , transformants of ∆vis cells carrying the mock vector with inactivated ferrochelatase could not grow in hemin-free media, while ∆vis cells transformed with a functional ferrochelatase expression plasmid could override the requirement for hemin and form colonies on LB/ampicilin plates.
Design of the random library
Screening of the unselected library by genetic complementation showed that 90% of the random mutants were inactive. This is consistent with the hypothesis that the loop motif is important for enzymatic function, and also demonstrates that the biological selection procedure was efficient.
To calculate the expected rate of mutation, the probability for substitution to occur at a specific residue is given by α x = 1-(1-r) (1-r) (1-r/3), where r is the probability that one particular nucleotide is replaced by any of the three remaining bases, assuming that there are, on average, 3 codons for each amino acid (20) . In our random library, r = 0.15, and α x = 1-(1- clones, 4 single mutants of P253T were recovered in the active library, corresponding to a mutation rate of 0.0018, very similar to the calculated value.
Evaluation of selected, active ferrochelatase variants
From a total of 2,210 ∆vis transformants harboring randomized loop mutations, 214
clones were functional as identified by their ability to grow in hemin-free media, and the plasmids were sequenced to detect nucleotide changes in the loop motif. As shown in Fig. 2A , the active variants were predominantly single, double and triple mutants, with an average of 2.2 amino acid changes. No wild-type ferrochelatase was recovered in this collection. For a relatively quick assessment of the active library, all of the functional, ∆vis transformants were assayed for enzymatic activity by monitoring zinc-protoporphyrin production (23) using crude cell extracts. Most variants showed reduced zinc-chelatase activity to <60% of the wild-type level, whereas a subset of triple mutants displayed activities comparable to, or even higher than, wild-type ferrochelatase (Fig. 2B) .
Distribution of amino acid substitutions in the active loop variants
The spectrum and frequency of substitutions observed in the active variants are shown in and L257 were very restricted, with the exception of G252, which could be converted to residues of various sizes and charges in the context of double, triple, quadruple and penta mutants.
Interaction between ferrochelatase (or loop variants) and mitochondrial, inner membrane lipids
Polarity distribution among the functional substitutions is tabulated in Fig. 4A . Mutations in the three N-terminal loop residues, Q248, S249 and K250, reduced the hydrophilic environment. Conversely, the seven non-polar C-terminal residues V251-L257 were replaced by mostly polar, acidic or basic amino acids. Further, basic amino acid substitutions were enriched in the C-terminal loop region of active variants; this predominance of positively-charged residues likely promotes the interaction of ferrochelatase with the membrane lipids, as indicated by the results of the liposomal binding assays (Fig. 4B, C) . To compare the interaction of the loop variants with membrane lipids in relation to that of wild-type ferrochelatase, liposomes were formulated to mimick the mitochondrial inner membrane in mouse liver cells (26) . The average diameter of the liposomes was determined to be ~170 nm by DLS (data not shown). The lipidbinding variants fell in two groups: those that bound to the mitochondrial inner membrane lipids more strongly or more weakly than wild-type ferrochelatase (Fig. 4B, C) . We found generally that the active variants carrying basic residues in the C-terminal looplet interacted with liposomes more strongly than wild-type ferrochelatase (Fig. 4B, C) , suggesting that the localized positive charges favor the lipid interaction.
Purification and steady-state kinetic analysis of wild-type ferrochelatase and loop variants.
Five active variants were selected for steady-state kinetic characterization. The single mutant, V251L, was chosen, because it was the only point mutation allowed at the low information content residue V251, and was also co-selected in a number of double, triple and quadruple variants (Fig. 3) . The single mutant P255R was selected because, although P255 has low information content, arginine replacement was a drastic amino acid alteration and was observed in single, double and quadruple mutants (Fig. 3) . Due to the lack of single substitutions at the high information content positions, multiply-substituted variants were chosen for further analysis (Fig. 3) . By characterizing the triple mutants S249A/K250Q/V251C and K250M/V251L/W256Y and the quadruple mutant Q248P/S249G/K250P/G252W, we sought to examine the mutational effects of Q248, S249, G252 and W256 in combination with changes at other positions.
As previously determined for mature, wild-type murine ferrochelatase (15) (Table 1 ). There was a 2-fold increase in k cat for the single mutants V251L and P255R, 4.5-fold increase for the triple mutant S249A/K250Q/V251C, and 3.5-fold increase for the quadruple mutant Q248P/S249G/K250P/G252W. Relative to the wild-type enzyme, the K m values for protoporphyrin (K m PPIX ) were elevated ranging from a 2-fold increase for the single mutant P255R to 8-fold for the triple mutant K250M/V251L/W256Y, suggesting the interaction with the porphyrin substrate was disrupted due to the loop mutations ( Table 1 ).
The K m values for ferrous iron (K m Fe2+ ) were of the same order of magnitude as the wild-type enzyme in the single mutants V251L and P255R and the triple mutant K250M/V251L/W256Y.
The K m Fe2+ value was 2.5-fold higher for the triple mutant S249A/K250Q/V251C, while a 4-fold decrease was observed for the quadruple mutant Q248P/S249G/K250P/G252W (Table 1) .
Homology modeling of the wild-type murine ferrochelatase and selected loop variants.
To assess how the introduced mutations in the ferrochelatase active site loop could possibly affect the three-dimensional structure and architecture of the active site, homology modeling for the structures of the wild-type ferrochelatase and its loop variants was performed.
The high degree of the amino acid sequence similarity between wild-type murine ferrochelatase and human ferrochelatase allowed us to predict the three-dimensional structures of wild-type murine ferrochelatase and its loop variants (Fig. 6) . The sequences used in the models for the polypeptide chains of ferrochelatase and its loop variants were at least 91% similar to the human ferrochelatase sequence template. The Ramachandran plot showed a normal distribution of points with at least 99% residues occupying the allowed region. C-α chirality, amide torsion (ω) and side chain torsions (χ 1 and χ 2 ) showed no major deviation from the corresponding allowed values. Superimposition of the monomeric model of the wild-type murine ferrochelatase with the X-ray crystal structure of human ferrochelatase gave a RMSD of 1.23 Å for the Cα-atoms of the 357 aligned residues. Structural models of the loop variants ( Fig. 6B-F) showed slightly more resemblance to human ferrochelatase, as indicated by a small reduction in RMSD values (~0.8-0.9 Å).
In the wild-type model, the N-terminal loop residues Q248 and S249 were buried deeply inside the active site cavity and in very close proximity (about 4 Å) to H209 and E289, which were proposed to be essential for catalysis (31) (32) (33) (34) . K250 was solvent-exposed with the side chain projecting to the protein exterior and in close contact with the Q260 residue. V251
oriented its side chain towards the interior of the active site pocket, while G252 occupied the tip of the loop, and together with P253, V254 and P255, formed a solvent-exposed patch. The indole ring of W256 was positioned nearly perpendicular to the H209 and E289 side chains, and L257 was exposed to the protein surface with the side chain extended away from the active site pocket. The spatial arrangement of the loop residues was not significantly altered by the functional substitutions in the selected variants ( Fig. 6B-F) .
For all loop variants, changes in secondary structure were observed in the N-terminal domain forming one of the sides of the active site cleft and in the second domain π-helix region, located adjacent to the active site cleft (Fig. 6) . At the N-terminus, immediately following the second α-helix (α2), the variants showed an increase of helical content in place of the relatively unstructured turns. While in the structural model of the wild-type protein the α2 helix consists of 10 residues Q52-K61 (Fig. 6A) , in the loop variants, the α2 helix was extended by a short α-helix or 3 10 -helix to include 5-7 additional residues ( Fig. 6B-F) . These additional residues along with the meandering loop that follows appear to form contact with residues in the second domain of the enzyme close to the active site cavity.
The structural model of wild-type murine ferrochelatase revealed a short π-helix, consisting of five residues 290 TLYEL 294 in the second domain near the bottom of the active site pocket (Fig. 6A) , in an analogous fashion to the π-helix observed in the crystal structures of human ( 349 ELDIE 353 ) and yeast 318 EIDLG 322 ferrochelatases (35) . This π-helix was replaced by an α-helix in the triple mutant S249A/K250Q/V251C (Fig. 6D) . In contrast, the quadruple mutant Q248P/S249G/K250P/G252W had a long, acidic residue enriched π-helix corresponding to the 289 ETLYELDIEY 298 sequence (Fig. 6F ). In the single mutants V251L and P255R and the triple mutant K250M/V251L/W256Y, the π-helix shifted positions slightly to include two glutamate residues (Fig. 6B, C, E) . The π-helix was formed by five residues: 293 ELDIE 297 in V251L and P255R and 289 ETLYE 293 in K250M/V251L/W256Y.
DISCUSSION
The observation that the ferrochelatase loop motif is in close proximity to the bound porphyrin macrocycle (11, 14) , prompted us to assess the role of the conserved loop motif in ferrochelatase function, particularly in porphyrin binding. In the work reported here, we applied random mutagenesis to generate substitutions within the target loop sequence of murine ferrochelatase (Q248-L257) and demonstrated that while most positions in the loop can accommodate functionally permissible substitutions, mutations of specific loop residues disrupt the interaction between the porphyrin substrate and ferrochelatase.
Informational content analysis. Despite the conservation of the ferrochelatase loop motif (Fig. 1) , every amino acid within this sequence tolerated functionally permissible substitutions (Fig. 3) . The degree of acceptable substitutions varied however from position to position, with the wild-type murine ferrochelatase residues K250, V251, P253, V254 and P255 occupying low informational content positions. Some of the single amino acid substitutions identified at the low informational content positions were also co-selected in the multiply-substituted variants (Fig. 3) and, in fact, a few of these amino acid substitutions are also present in nature (Fig. 1) . The remaining five positions in the loop, Q248, S249, G252, W256 and L257, had high informational content as amino acid substitutions were only possible when they were associated with changes in other loop residues (Fig. 3) . While G252 was the most amenable to change, even if drastic (e.g., substitution of G252 with W or R) (Fig. 3) , substitutions at Q248, S249 and W256 were scarce, occurring primarily in triple, occasionally in quadruple and penta mutants, suggesting that complementary changes in the loop are necessary to counterbalance the loss of these wildtype residues. The high informational content of W256 agrees with a previous model in which hydrophobic and aromatic residues mediate porphyrin binding and distortion and thus are critical in ferrochelatase function (23) .
Membrane lipid interaction.
Membrane attachment of ferrochelatase may facilitate uptake of the water-insoluble porphyrin substrates from a hydrophobic environment and also provide a pathway for heme release (12, 36) . Indeed, the crystal structures of human and yeast ferrochelatases demonstrated that the active site entrance is delimited by two, oppositely located loops, which are rich in hydrophobic residues (12, 36) and were previously hypothesized to facilitate membrane association (12, 36) . Further, a few positively charged residues in these loops were suggested to interact with the phosphate groups of the membrane phospholipids (13) .
One of these loops surrounding the active site entrance corresponds to the murine ferrochelatase sequence Q248-L257, and consistent with the above hypothesis, we observed an accumulation of positively charged amino acid substitutions at the C-terminal hydrophobic loop residues G252, P253, V254 and P255 (Fig. 4A) . They conferred an overall increase in the binding affinities of the variants towards liposomes mimicking the composition of inner mitochondrial membranes (Fig. 4C) .
Effect of Loop Motif Mutations on Ferrochelatase
Activity. An important step in ferrochelatase catalysis is the binding and distortion of porphyrin macrocycle to facilitate metal chelation (14, 37, 38) . The increase in the K m PPIX values of the active loop variants (Table 1) substantiates the proposal that the loop residues contribute to porphyrin-ferrochelatase interaction. K250M/V251L/W256Y was the only variant with both a lower k cat and a higher K m PPIX than those of the wild-type ferrochelatase (Table 1) . Indeed, this variant has a catalytic efficiency towards porphyrin 10-fold lower than wild-type enzyme (Table 1) . Although in the K250M/V251L/W256Y variant 3 residues were mutated, we believe that the major effect was due to the W256Y mutation. Specifically, the V251L mutation alone did not bring a decrease in the k cat value or a significant increase in the K m PPIX value of the enzyme ( Table 1 ) and mutation of the K250 residue should not to affect dramatically the function of ferrochelatase, as this residue occupies a low information content position (Fig. 3) . In addition, mutation of the corresponding residue in yeast ferrochelatase (W282) yielded a variant (W282L) exhibiting a 10-fold decrease in K m PPIX and an unaltered K m for the metal substrate (32) . Actually, the homologous residue in B. subtilis ferrochelatase (W230) was shown to stack against the pyrrole ring, thereby stabilizing the position of the porphyrin ring in the crystal structure (11).
The over 7-fold increase in the K m PPIX of the multiply-mutated variant Q248P/S249G/K250P/G252W (Table 1) (Fig. 3) and is buried deeply in the active site cavity, V251 side chain is directed towards the path of porphyrin entry. Thus, it is possible that this combination of changes in the triple variant leads to misalignment or destabilization of porphyrin binding. Unexpectedly, with the exception of the triply-mutated variant K250M/V251L/W256Y, k cat , increased in all of the loop variants ( Table 1 ). The increase, ranging from 2-to 4.4-fold, conceivably, resulted from conformational flexibility of the loop motif. Surface loops are frequently identified as mobile elements mediating protein conformational changes (39) (40) (41) . They may control access to the active site by adopting an open conformation to permit substrate entry and product release, and a closed conformation to protect the active site from the exterior and promote enzyme-substrate interactions required for catalysis (39) . We suspect that some of the loop variants adopted closed conformations more conducive to catalysis. For example, in the Q248P/S249G/K250P/G252W variant, the indole ring and the pyrrolidine rings at the 252 and 248/250 positions, respectively, might restrict the conformational plasticity of the loop region and promote a closed conformation more favorable to catalysis.
Alternatively, a higher k cat might result from stabilization of the reaction intermediates.
Although the iron substrate ligands in ferrochelatase remain to be unequivocally identified, nitrogenous and/or oxygenous ligands appear to coordinate the metal substrate (32, 42, 43) . Active site H209 and E289 (murine ferrochelatase numbering) have been recognized as metal ligands and/or catalytically essential residues (11, 32, 33) . More recently, the analysis of the co-crystal structures of yeast ferrochelatase with bound metal ions suggested that S275 with H235 and E314 (equivalent to murine S249, H209 and E314, respectively) ligate Co 2+ and Cd 2+ (13) . Thus, an increase in the K m Fe2+ of the triple mutant S249A/K250Q/V251C may account for the loss of the stabilization provided by S249 (Table 1) . Curiously, the differences in the K m Fe2+ values of the loop variants correlate with the presence of a π-helix in the second domain of ferrochelatase (Fig. 6) . In a number of proteins, π-helix residues function to coordinate metal ions required for enzymatic activity (35, 44, 45) . In the structural model of murine ferrochelatase, the residues arranged along the helical edge of the π-helix form a channel that connects the interior of the active site to the protein exterior (Fig.6 ). The quadruple variant Q248P/S249G/K250P/G252W, whose K m Fe2+ value was the lowest among the analyzed variants (Table 1) , exhibits a long (i.e., ten residues) π-helix (Fig. 6F) . Given that the unit rise per residue of a π-helix is shortest among all helical types (10, 35) , this alignment of the residues allows the side chains of E289, E293 and E297 to be more closely packed and possibly provides for a more efficient metal uptake; this might explain the decreased K m Fe2+ value of the quadruple variant. In contrast, S249A/K250Q/V251C is the only variant with a regular α-helix in place of the π-helix (Fig. 6D) ; this should result in a longer trajectory between the glutamate residues and thus slower metal transfer, which might account for the increase in its K m Fe2+ value. The mode of metal substrate interaction proposed here is consistent with the recent studies of metal binding in yeast ferrochelatase (13, 46) . In this model, metal binding requires the conserved H209 (murine numbering) and occurs on the same side of the active site as that of porphyrin binding, whereas the distal residues, including glutamates in the π-helical region, play a regulatory role by promoting metal release from the primary binding site (46) .
In conclusion, a mutational survey of the putative porphyrin-binding loop, previously identified by structural analysis, has begun to reveal the role of the loop in substrate binding and catalysis of ferrochelatase. While multiple functional substitutions were tolerated within the loop motif, the positions occupied by Q248, S249, G252, W256 and L257 exhibited the highest stringency. Kinetic analysis of selected, active variants suggested that the loop mutations result in a general disruption of the interaction between the porphyrin substrate and ferrochelatase.
Resonance Raman spectroscopic studies are underway to provide a detailed characterization of the involvement of the loop residues in porphyrin distortion and ferrochelatase catalysis. 
